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ABSTRACT

Variation in the timing of offspring parturition determines the environmental factors they
experience during early development and their likelihood for survival. I used an 11-year dataset
on a natural, free-living population of degus (Octodon degus), a social rodent endemic to Chile,
to test predictions that ecological, social, and maternal conditions during the breeding season are
associated with the timing of litter parturition and intragroup litter synchrony and that early-life
conditions and the time at which pups are born influence their survival. Measures of females’
food access during breeding predicted their parturition day. Furthermore, differences in food
abundance and phenotypical masculinization between female groupmates predicted differences
in their parturition day. Females that experienced more food during breeding gave birth earlier in
the year and female groupmates with similar masculinization and food shared greater differences
in their parturition day. No effects of early-life conditions nor parturition day on offspring
survival were identified.
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MANUSCRIPT

Introduction
The timing of parturition varies among and within species and may be altered to match
periods of optimal environmental and socioecological conditions in attempt to maximize
reproductive success (Bronson, 1985; Lack 1968; Nager & van Noordwijk, 1995). The timing of
reproduction is constrained by critical resources (i.e., food) and the synchronization of
physiological mechanisms that regulate life history stages and reproductive development
(Wingfield, 2005). As a result, reproduction generally takes place when local environmental
conditions are optimal. The availability of food for adults prior to and during breeding is an
important determinant of the timing of reproductive activity in insects (Kunkel, 1966), birds
(Lack, 1968) and mammals (Ahrestani et al., 2011; Arlettaz et al., 2003; Keverne, 1987;
Neumann et al., 2020; Poole, 1960; Sadleir, 1968; Swamy et al., 2018). Species living in areas
with changing environmental conditions can experience shifts in the timing of reproduction
(Both et al., 2004; Visser et al., 2004) and mistimed reproduction may give rise to reproductive
costs (Both et al., 2006).
Conditions of the social environment (i.e., social conditions) can also impact the timing
of reproduction (Bertram, 1975; Hemsworth, 1982) and when offspring are born (Bronson,
1985). For example, in cooperatively and communally breeding species, where group members
rear offspring together in one nest and share parental responsibilities, variation in the number of
1

caregivers may affect access to resources and postnatal care (Emlen, 1997). The presence of
multiple caregivers may reduce costs of parental care (Hayes, 2000), influencing the timing of
parturition (Russell et al., 2003). Caregivers can directly impact the timing of reproduction if
females time reproduction based on the number of helpers present, thereby influencing the
amount of food offspring receive (Brouwer et al., 2014; Ridley, 2007). Indirectly, reproductive
timing may be dependent on the mother’s condition, social interactions (including conflict with
groupmates), and social rank. Within groups, the timing of reproduction of different breeding
females may depend on variation in the condition of females and social hierarchies (Dezeure et
al., 2022; Holekamp et al., 1996; Rödel et al., 2009). Variation in ambient conditions can drive
changes in social conditions (e.g., group size; Rubenstein, 2011) and unfavorable environmental
conditions may minimize variation in reproductive performance within groups through variation
in individuals’ access to resources, influencing differences in the timing of parturition (Nussey et
al., 2005). The presence of group members of a particular sex may yield different effects e.g.,
due to social conflict among breeding females in large groups (Rubenstein et al., 2016). Birth
synchrony may have evolved as a means to reduce social conflict (Hodge et al., 2011).
The timing of birth may also depend on maternal conditions. For example, in spotted
hyaenas (Crocuta crocuta), females in the best condition and highest social rank produce
offspring earlier than conspecifics with higher offspring survival (Holekamp et al., 1996).
Masculinization level (i.e., masculinization of genitalia in mammals; Place & Glickman, 2004)
can also influence various aspects of female reproduction, including reproductive condition,
timing of estrus, likelihood females become pregnant, and litter sizes (Ryan & Vandenburgh,
2002). Socioecological factors often covary with females’ physical condition. For example,
female body size and phenotypic masculinization may influence dominance hierarchies (Correa
2

et al., 2013; MacDonald et al., 1995) and, in gregarious species, dominant females have greater
access to resources (Holekamp et al., 1996; Tamashiro et al., 2005). Social hierarchies may
facilitate differences in timing of parturition between conspecifics (i.e., litter synchrony) through
differences in their access to resources (Peláez et al., 2020). Thus, it is important to include
different metrics of female condition in analyses of factors leading to variation in when offspring
are born.
The time at which offspring are born is an important determinant of reproductive fitness
in that it dictates the environment offspring experience during their early life. In attempt to time
reproduction for optimal offspring survival, mothers may integrate information related to their
own nutritional and environmental conditions to predict when food for offspring will be at its
peak (Visser et al., 2010). Correct timing is especially important for the most energy-demanding
reproductive periods, such as lactation in mammals (Loudon & Racey, 1987). Failing to gather
adequate food or energy stores to power demanding processes like offspring post-natal care in
mothers and early-life growth in offspring, may make mothers and offspring more prone to
nutritional deficits (Metacalfe & Monaghan, 2001) and compromise offspring survival (Dijkstra
et al., 1990). Thus, the timing of parturition relative to available resources during the early-life of
offspring is expected to be an important predictor of their survival.
Furthermore, offspring survival may be impacted by early-life effects i.e., phenotypic
effects based on the environmental conditions that offspring experience during early
development (Lindström, 1999). Prenatal and postnatal factors may be determinants of long-term
effects upon offspring growth, health, and survival (Gardner et al., 2009). Specific to offspring
survival, these effects are influenced by maternal condition (i.e., maternal effects; Benardo, 1996;
Burton et al., 2013), mother’s social rank (Rödel et al., 2009; Russell et al., 2003), social
3

environment (Brouwer et al., 2014; Ridley, 2007), including sibling effects (effects induced by
the presence of and competition between siblings; Hudson & Trillmich, 2008; Rödel et al.,
2008), and effects induced by the quality of the ambient environment (Van Cann et al., 2019).
The overarching goal of this study is to examine how socioecological factors and
physical attributes of breeding females impact the timing of reproduction for individual females
and litter synchrony within social groups (Aim 1, Figure 1). Since offspring survival is
associated with socioecological conditions (Alberts, 2019; Raveh et al., 2016; Ridley, 2007;
Russell et al., 2002) and maternal condition (Keech et al., 2000; Nager et al., 1999), including
social rank (von Holst et al., 2002), and that these conditions are determined by the time at which
offspring are born, I also examine associations between the (i) conditions of the early-life
environment (Aim 2a) and (ii) timing of parturition (Aim 2b) and offspring survival to sexual
maturity (Figure 1). Determining factors that influence the timing of reproduction and offspring
survival may provide insight on how changes in the environment—specifically that of the earlylife environment—impacts overall population success. This is especially important given effects
of climate change on seasonal reproduction (Bronson, 2009; Visser et al., 2004) and the
changing state of the global climate system (IPCC, 2021).
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Figure 1
Conceptual framework and study aims

Components of Figure 1 are described from left to right. Socioecological predictors such
as the ecological factors, social environment, and maternal condition share an interconnected
relationship (grey-filled circle). Among these, ecological factors, such as food availability,
influence both the social environment (small upwards arrow) and the physical condition of
mothers (small curved, upward arrow). The social environment can influence maternal condition,
but the physical condition of adult females may shape the social environment (e.g., social
hierarchies; small double-ended, curved arrow). The state of these sociological conditions during
early reproductive periods (e.g., breeding; blue circle and arrow) can influence the time at which
5

offspring are born (Aim 1). Similarly, these conditions during the early-life period (orange circle
and arrow) can influence offspring survival (Aim 2a). The time at which offspring are born
influences their early-life conditions (dashed brown line) and chances survival (large black
upward arrow; Aim 2b). Offspring survival to sexual maturity and adulthood influences the
future social environment and overall population success (dashed grey arrows).

Study species
Degus (Octodon degus) are caviomorph rodents found in a semiarid matorral ecosystem
characterized by highly seasonal, Mediterranean climate with cold, wet winters and warm, dry
summers (Di Castri & Hajek, 1976). Degus have low reproductive output relative to other small
mammals. Although most adult females (> 95%) produce viable offspring (Ebensperger et al.,
2014), litters are small to medium-sized (1–11 pups; Ebensperger et al., 2002; Veloso, 1997; this
study, 2015), and females rarely survive to a second breeding season (Ebensperger et al., 2013).
Degu offspring (hereafter, pups) are more dependent on maternal milk to complete their
postnatal development (first 30 days of life) compared to other precocial rodents (Veloso &
Kenagy, 2005), suggesting an importance of local, early-life food conditions.
Degu pups are typically reared communally by multiple breeding females (Ebensperger
et al., 2002; 2004). However, the size and composition of adult social units is highly variable
within the same population (Hayes et al., 2009; 2019). How such variation in social conditions
influences the timing of parturition and offspring survival has yet to be determined. In terms of
the ambient environment, Chile has been experiencing a mega-drought since 2010 (Garreaud et
al., 2020) and recent models predict that the region will experience an increase in minimum
temperature in the winter and a decrease in precipitation during the summer and winter seasons,
6

by the end of the twenty-first century (Araya-Osses et al., 2020). Such harsh environmental
conditions can favor cooperation to enhance reproductive success in response to limited access to
critical resources (i.e., food; Ebensperger et al., 2014; Lukas & Clutton-Brock, 2017; Rubenstein
et al., 2016). However, competition for food between pups may be exacerbated when climatic
conditions, population density, or social conditions (group size, communal litter size) facilitate a
decrease in food availability. The quality and availability of food shifts seasonally for degus
(Bozinovic et al., 2004) and periods of low food abundance at degu burrow systems are shown to
negatively impact individual survival and female reproductive success (Hayes et al., 2009).
The timing of parturition in degus varies geographically (Ebensperger & Hurtado, 2005;
Previtali et al., 2010). In the study population described herein, breeding occurs during the
austral winter (May–July; Veloso & Bozinovic, 2000a) and most litter parturitions take place in
the austral spring (September–October)—the period with the greatest growth of herbaceous
plants (Gastó & Contreras, 1972). Variation in the timing of reproductive activity and
reproductive success, which are influenced by ecological (Ebensperger & Hurtado, 2005; Veloso
& Bozinovic, 2000a) and social factors (Ebensperger et al., 2016; Hayes et al., 2019; Wey et al.,
2013) respectively, may give rise to variation in the survival of degu pups, due to differences in
the early-life effects they endure. I investigate how the conditions of the local environment,
social environment, and physical attributes of reproductive females influence the timing of
parturition of degu (Octodon degus) litters and assess the subsequent effects of the early-life
environment on individual offspring survival.
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Model set 1: Predictors of litter parturition timing in degus (Aim 1)
Available food is critical to fuel the high costs of reproduction in degus (Bozinovic et al.,
2004; Veloso & Bozinovic 2000a) and food availability during breeding may be indicative of
conditions in later periods of the reproductive cycle (e.g., lactation), and mothers may time
reproduction to provide offspring with ample time to nurse while food conditions are plentiful.
Thus, I predicted litter parturition day should occur earlier in females with greater access to food
during breeding (austral winter) (P1-1). Furthermore, I expected specific conditions of the social
environment, attributes of the maternal condition, and density of individuals in the population to
influence this relationship. First, degu females do not discriminate between their own pups and
unrelated pups (Ebensperger et al., 2006) and, given that lactation is the most energy demanding
period of the reproductive cycle for degus (Veloso & Bozinovic, 2000a), females may time litter
parturition based on the number of female groupmates present to help care for and raise pups.
However, more females within a group may mean i) more pups in the communal litter,
increasing competition between pups for maternal care and milk (Mennella et al., 1990), and ii)
more competition between females for food resources. Thus, I expected that the number of
females in a social group (i.e., female group size; FGS) can influence the effect of food
abundance on parturition day in that litters are born earlier when FGS is higher (P1-2).
Likewise, paternal care (limited to huddling and grooming pups; Ebensperger et al., 2010) varies
with that of maternal care in degus under lab conditions, wherein males provide care for shorter
periods when greater maternal care occurs, but the quality of this care increases with that of
maternal care (Aspillaga-Cid et al., 2021). Thus, I expected that the number of males in a social
group (i.e., male group size; MGS) can influence the effect of food abundance on parturition day
based on the number of females present (P1-3). Next, females exhibit phenotypic homophily in
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anogenital distance (AGD) the distance between the ventral anus commissure to the base of the
genital papilla (Vandenbergh & Hugget, 1994). Masculinized females, i.e., females with
relatively long AGDs, give birth later in the reproductive season (Correa et al., 2016) and are of
higher social rank than less-masculinized females (Correa et al., 2013). Differences in social
status may give rise to differences in access to food resources between females of different AGD
lengths, influencing the timing of litter parturition. Thus, I expected individual females’ AGD to
influence the effect of food abundance on litter parturition day (P1-4). Finally, the density of
individuals may facilitate a decrease in local food availability; thus, I expected the relationship
between food abundance and parturition day to vary based on annual degu density (P1-5).

Model set 2: Predictors of litter synchrony within degu social groups (Aim 1)
Litter sizes increase with mean AGD of female groupmates and individual female body
size (Correa et al., 2021). Female degus exhibit phenotype sorting and share social groups with
females of similar AGD-masculinization (Correa et al., 2021) and masculinized females have
been shown to give birth later in the reproductive season (Correa et al., 2016). Furthermore,
AGD-based social dominance in degus (Correa et al., 2013) may explain differences in timing of
reproduction within social groups. Thus, I predicted the difference in parturition day between
female groupmates (females with the first and last parturition day within the same social group;
an index of litter synchrony within groups) should increase with increasing difference in AGD
measures (P2-1). Additionally, access to food resources may vary between females with different
AGD lengths based on social rank, thus I expected that i) difference in food abundance between
female groupmates with the earliest- and latest-born litters can influence the effect of difference
in AGD on difference in parturition day in that females with similar access to food exhibit
9

greater litter synchrony (P2-2) and ii) that the level of phenotypical masculinization (i.e., AGDmasculinization similarity) shared between female groupmates may elicit differences in this
relationship within social groups (P2-3).

Model set 3: Predictors of offspring survival to sexual maturity in degus (Aims 2a and 2b)
Given the high costs of lactation (Veloso & Bozinovic 2000a), I predicted that degu
offspring survival to the subsequent breeding season should be influenced by the mother’s access
to food (i.e., food abundance) during early stages of offspring development (austral spring;
during lactation) (P3-1). The density of individuals may facilitate a decrease in local food
availability; however, per capita reproductive success of females in increases with increasing
number of adult females per group during years with low food availability, but not when food is
abundant (Ebensperger et al., 2014). Variation in the reproductive success of females from the
same group increases with increasing number of adult males per group, indicating that the costs
of male sociality are not shared equally (Hayes et al., 2019). Thus, I expected that conditions of
the social environment (FGS and MGS) and factors external to groups (density of individuals,
i.e., degu density) can influence this relationship (P3-2). Furthermore, degus exhibit sibling
effects among communal litter mates where weanlings of litters born in the presence of an older
litter are smaller and less numerous than weanlings of litters born with no other litters present
(Ebensperger et al., 2007). Thus, I also expected that the number of pups per litter (i.e., litter
size) and social group (i.e., communal litter size) can influence the effect of females’ food
abundance during lactation on offspring survival (P3-3).
Females’ body mass during lactation, the most energy-demanding period of the
reproductive cycle for degus (Veloso & Bozinovic 2000a), may play a role in offspring
10

development and survival based on i) body mass is considered a predictor of body condition in
rodents (King & Allainé, 2002), ii) heavier degu mothers produced larger pups under lab
conditions (Ebensperger et al., 2007), and iii) body size has a positive effect on offspring
survival (McMahon et al., 2015). Thus, I predicted that females’ body mass during lactation
influences offspring survival in that pups with larger mothers will be more likely to survive to
sexual maturity (P4). Since degus use underground burrows to escape and hide from predators
(Lagos et al., 2009; Vásquez et al., 2002), burrow openings at burrow systems (i.e., burrow
density) represent refuge opportunities. Along with food abundance, predation risk has been
shown to drive social variation in degus wherein variation in population size mirrors that of
predation risk (i.e., density of burrow openings and distance of burrow systems to the nearest
shrub; Ebensperger et al., 2012). Thus, I predicted that burrow density can influence offspring
survival in that more pups will survive to sexual maturity with more opportunities for refuge
from predators (P5). Finally, based on lab study indicating that a greater percentage of pups of
litters born earlier in the parturition season survive to weaning than pups that were born later
(Ebensperger et al., 2007), I predicted offspring survival should be influenced by the timing of
litter parturition in that pups born earlier in the year will be more likely to survive to sexual
maturity (P6; Aim 2b). While there is a lack of sex differences in dispersal in degus, the
frequency of individuals that disperse to a given distance exponentially decreases with increasing
distance away from the natal nest (i.e., pups settle close to home; Quirici et al., 2011). However,
dispersal increases with the density of pups per burrow system (Quirici et al., 2011). Therein,
communal litter size, degu density, and burrow density are important factors to consider when
testing predictions for offspring survival.

11

Methods
Long-term dataset
I used an 11-year dataset (2009–2019) for a naturally occurring population of degus at the
Estación Experimental Germán Greve Silva (33°23′ S, 70°31′ W, altitude 495 m), a field station
of the Universidad de Chile. The dataset has extensive live-trapping and radio telemetry
locations of individually identified degus during the austral winter and spring months, which
correspond to the periods of breeding and late pregnancy/lactation respectively. All individuals
were tagged, sexed, and given a unique identification code upon first capture. During trapping of
adult female degus, signs of reproductive status such as pregnancy in the austral winter and
lactation in the austral spring were recorded during handling. The date first observations of
pregnancy and lactation occurred for females were used to establish their pregnancy day and
lactation day and estimate i) day of litter parturition and ii) a timeframe for calculating females’
average body mass during the lactation period.
Relevant data were extracted from the austral winter (breeding) and spring (pregnancy,
lactation) seasons for each year. Parturition day in the spring was determined by calculating the
sum of the pregnancy day and half the difference between the pregnancy and lactation day.

The survival of pups to sexual maturity was based on the recapture of pups during the austral
winter following their birth (pups born in spring 2009–2018 and recaptured in winter 2010–
2019). Predictor variables were sorted into four categories (food abundance, demographic and
life history of female adults, social environment, and population-level ecological conditions).
Abundance of food availability for adults was indexed by the average dried biomass of green
12

herbs of individuals across burrow systems in which they lived during June (winter) and
September (spring) months (Ebensperger & Hurtado, 2005; Ebensperger et al., 2014; Hayes et
al., 2009). Demographic and life history of female adults included body mass during lactation,
measures of AGD (Correa et al., 2013; Vandenbergh & Hugget, 1994), day of litter parturition,
and litter size (maternity assignments based on genetic analyses using microsatellite loci; Quan
et al., 2009). The social environment was indexed by social group associations (Ebensperger et
al., 2014; 2016), group size (number of adult males and adult females based on social group
associations), and communal litter size (number of pups assigned to all females of a social
group). Finally, population-level ecological conditions included density of individuals per
hectare (Ebensperger et al., 2021) and density of burrow openings at burrow systems (Hayes et
al., 2007). All observers that participated in gathering the necessary data were blind to the
specific aims and predictions tested in this study. The percent difference of parturition day, food
abundance, and AGD measurements between females with the earliest and latest parturition day
in a social group were calculated to test predictions regarding within group litter synchrony.

Model selection procedures
All statistical analyses were run in R 4.0.2 software (R Development Core Team, 2020)
using the RStudio 1.3.1093 integrated development environment (RStudio Team, 2020). Linear
and generalized linear mixed-effect models were fitted using functions in library lme4 1.1–27.1
(Bates et al., 2015). Akaike Information Criteria (AIC; Akaike, 1974) were used to determine the
best-fit models describing timing of litter parturition (Aim 1) and offspring survival (Aims 2a
and 2b) in degus from multiple candidate models, using functions in library AICcmodavg 2.3–1
(Mazerolle, 2020). All libraries were accessed during March 2022.
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For each model set, all possible combinations of relevant factors (Table 1) and
interactions (i.e., covariates, random effects) were tested using candidate linear and generalized
linear mixed-effect models (Table 2). A total of eighteen candidate models were tested and all
candidate models had a ∆AIC < 7 (Burnham et al., 2011; Table 2). Model selection was based on
relative comparisons of AIC values and models yielding the smallest AIC value with > 2 units
difference from the others were considered best-fit to test predictions. If the AIC value relative to
AICmin was < 2, both models were considered to have substantial support (Burnham &
Anderson, 1998; 2002). In this case, I sought the most parsimonious model by i) considering
variables qualified to be included only if the model is improved by more than 2 units (AIC
relative to AICmin is < 2) and ii) selecting the model with the fewest predictor variables. Three
different models were selected from candidates and analyzed to test predictions (P1–P6). AICselected linear mixed effect models were used to estimate parameters of response variables for
Model set 1 and Model set 2 and a generalized linear mixed effect model was used to estimate
parameters for the binomial response variable for Model set 3 (Table 2; Bates et al., 2014;
Pinheiro & Bates, 2000). Marginal and conditional R2 values were reported as measures of
goodness-fit (Johnson et al., 2015; Nakagawa & Schielzeth, 2013).

Models and analyses
To verify that litter parturition occurs earlier in females with greater access to food during
breeding (P1-1), I examined the relationship between parturition day and food abundance
measures for individual females in the austral winter (June). The model selected to test this
prediction was Part_day ~ Food + MGS + FGS + AGD + (1|Group_ID) + (1|Year) (Model set
1). The number of males (MGS) and females (FGS) in the group and the AGD of adult females
14

were included as covariates (P1-2–P1-3). To account for potentially important year- and social
group-related variations in the slope of food abundance, random slope terms were specified in
the model. These random effects allow food abundance measures to have different effects
depending on year and females’ social group.
To test that intragroup litter synchrony increases with increasing phenotypic similarity of
female groupmates (P2-1), I examined the relationship between difference in parturition day and
difference in AGD between females with the earliest and latest parturition day per social group.
The model selected to test this prediction was PDiff_Part ~ PDiff_Food + PDiff_AGD +
(1|Year) (Model set 2). The difference in food abundance experienced by female groupmates
during breeding was included as a covariate (P2-2). The candidate model including AGDmasculinization similarity between groupmates was not selected (P2-3). Year was included as a
random effect.
To test that the survival of degu pups is predicted by food access (P3-1) and mean body
mass of mothers during lactation (P4), the number of refuges from predators (P5), and the timing
of parturition (P6), I examined the relationship between offspring survival and females’ food
abundance measures during the austral spring (September) with body mass during lactation,
burrow density, and parturition day of degu litters (September–October). The model selected to
test this prediction was Survival ~ Food + FGS + MGS + Litter_size + Degu_density +
Part_day + (1|Mother_ID) + (1|Year) (Model set 3). The number of pups assigned to a female’s
litter (litter size), FGS, MGS, and degu density in the population were included as covariates (P32–P3-3). Candidate models including body mass during lactation, communal litter size, and
burrow density were not selected. Year and mothers’ identification were included as random
effects.
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Table 1

Name, syntax, and definition of variables included in statistical analyses
Variable
Syntax

Variable*

Definition
social group association based on the sharing of burrow
systems established by means of nighttime telemetry and
burrow trapping during early morning activity
(Ebensperger et al., 2014; 2016).
year of study (2009–2019)

social group

Group_ID

year

Year

mother’s identification

Mother_ID

parturition day

Part_day

female group size (FGS)
male group size (MGS)

FGS
MGS

food abundance

Food

anogenital distance (AGD)

AGD

body mass during lactation

Avg_BM_Lact

litter size

Litter_size

communal litter size

Communal_LS

degu density

Degu_density

difference in parturition day

PDiff_Part

difference in food abundance

PDiff_Food

percent difference in food abundance
between female groupmates

difference in AGD

PDiff_AGD

percent difference in anogenital distance
between female groupmates

AGD-masculinization

F, I, M

AGD-masculinization similarity

AGD_SIM

offspring survival

Survival

burrow density

Burrow_density

identification code assigned to adult females upon first capture
day of the year (beginning January 1 st) estimated for litter
parturition, based pregnancy and lactation dates
number of females assigned to a social group
number of males assigned to a social group
standardized average dry weight of herbaceous plants sampled
at 3 m and 9 m in random directions from center of burrow
systems (g per m2) (Ebensperger & Hurtado, 2005; Hayes et
al., 2009; Ebensperger et al., 2014)
measures of anogenital distance, the distance between the
ventral anus commissure to the base of the genital papilla (±
1.0 mm) (Vandenbergh & Hugget, 1994)
average of body mass measures of lactating females collected
during burrow trapping in the austral spring (Sep–Oct)
number of pups assigned to individual females using 10
microsatellite loci (Quan et al., 2009)
total number of pups assigned to individual females of a single
social group
mean number of degus per hectare ± SE (ha−1)
(Ebensperger et al., 2021)
percent difference in parturition day between female
groupmates (an index of litter synchrony within social groups)

level of phenotypical masculinization based on anogenital
distance: feminized, intermediate, or masculinized
(Correa et al., 2013)
level of phenotypical masculinization shared between female
groupmates: dissimilar (D), feminized similar (FS),
intermediate similar (IS), or masculinized similar (MS)
continued presence of individual pups in the population based
on recapture during next breeding season (born 2009 –2018;
recaptured during 2010–2019; binomial)
density of burrows at burrow systems quantified using the
number of burrow openings within a 9 m radius from the
center of burrow systems (Hayes et al., 2007)

*Response variables are bolded
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Table 2

Model
set

Candidate models with possible, relevant interactions of variables (fixed and random
effects) considered during AIC model selection

Model
type

Response
variable

Candidate
models
M1_1

1

LMM

Part_day

M1_2*
M1_3
M2_1*

2

LMM

PDiff_Part

M2_2
M2_3

M3_1

M3_2*

M3_3

3

Binomial
GLMM

Survival
M3_4

M3_5

M3_6

Fixed effects
Food,
MGS*FGS,
AGD
Food, MGS,
FGS, AGD
Food, MGS,
FGS, AGD
PDiff_Food,
PDiff_AGD
PDiff_Food,
PDiff_AGD
PDiff_Food,
PDiff_AGD,
MGS
Food, FGS,
MGS,
Litter_size,
Degu_density,
Part_day
Food, FGS,
MGS,
Litter_size,
Degu_density,
Part_day
Food, FGS,
MGS,
Litter_size,
Degu_density,
Part_day
Food, FGS,
MGS,
Litter_size,
Degu_density,
Part_day,
Avg_BM_Lact
Food, FGS,
MGS,
Litter_size,
Part_day,
Avg_BM_Lact
Food, FGS,
MGS,
Litter_size,
Degu_density,
Part_day,
Avg_BM_Lact
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Random effects

AIC

∆AIC

Group_ID, Year

712.17

1.90

Group_ID, Year

710.26

0.00

Group_ID,
Year/Degu_density

712.41

2.15

Year

39.98

0.00

AGD_SIM, Year

43.83

3.85

Year

46.77

6.79

Mother_ID/Avg_BM_Lact,
Year

402.09

2.07

Mother_ID,
Year

400.02

0.00

Offspring_ID,
Mother_ID, Year

402.09

2.07

Mother_ID,
Year

401.51

1.49

Year/Degu_density

406.56

6.54

Year

404.38

4.37

M3_7

M3_8

M3_9

M3_10

M3_11

M3_12

Food, FGS,
MGS,
Litter_size,
Degu_density,
Part_day,
Communal_LS
Food, FGS,
MGS,
Litter_size,
Degu_density,
Part_day,
Communal_LS,
Avg_BM_Lact
Food, FGS,
MGS,
Litter_size,
Degu_density,
Part_day,
Communal_LS
Food, FGS,
MGS,
Litter_size,
Degu_density,
Part_day,
Burrow_density
Food, FGS,
MGS,
Litter_size,
Degu_density,
Part_day,
Burrow_density,
Avg_BM_Lact
Food, FGS,
MGS,
Litter_size,
Degu_density,
Part_day,
Burrow_density

Mother_ID,
Year

401.25

1.23

Mother_ID,
Year

402.89

2.87

Offspring_ID,
Mother_ID, Year

403.34

3.32

Mother_ID,
Year

401.77

1.75

Mother_ID,
Year

403.50

3.48

Offspring_ID,
Mother_ID, Year

403.85

3.83

* = AIC selected model; bold text = AIC values < 2 units relative to AICmin
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Results
In total, I included 103 adult females (Model set 1), 22 pairs of adult female groupmates
(Model set 2), and 547 pups (279 females, 268 males; Model set 3) in my analyses. Across the
eleven years of study, median parturition day of degu litters in the austral spring occurred on day
249 out of 365 (range 236 – 274) and the mean (± SE) litter size was 1.86 (± 0.11) pups. The
mean AGD and mean average body mass during lactation for females was 2.24 (± 0.05) mm and
220.53 (± 1.06) g respectively. The average food abundance experienced by females was 26.85
(± 3.65) g/m2 in June and 104.79 (± 2.66) g/m2 in September. Degu social groups varied in the
number of males and number of females per group, with a mean MGS of 1.22 (± 0.05) and mean
FGS of 2.37 (± 0.05). Mean annual degu density across all years was 51.48 (± 0.98) [range 17.11
– 77.78] adults/ha.
Females’ parturition day varied among the eleven years of study. Pairwise comparisons
(Wilcoxon rank sum test with continuity correction) between years revealed significant
differences: 2009 with 2016 (p < 0.0001) and 2018 (p = 0.0014), 2011 with 2016 (p = 0.0479),
2015 with 2016 (p = 0.0014) and 2018 (p = 0.0321), and 2019 with 2016 (p = 0.0014) and 2018
(p = 0.0206). Parturition day did not differ between years 2010, 2012, 2013, 2014, and 2017
(supplementary materials). Additionally, food abundance during breeding (Kruskal Wallis test;
H(10) = 97.773, p < 0.0001), food abundance during lactation (Kruskal Wallis test; H(9) =
249.99, p < 0.0001), and measures of AGD (Kruskal Wallis test; H(10) = 32.189, p = 0.0004)
significantly varied between years. Thus, year was included as a random variable in the
candidate models for hypothesis testing.
Between 2009–2018, 12.79% of pups (70/547) born in the austral spring were recaptured
during the next breeding season (austral winter 2010–2019; 43 females, 27 males); indicative of
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offspring survival to sexual maturity. Similar percentages of female (84.58%; 236/279) and male
(89.92%; 241/268) pups were not recaptured during the next breeding season [Chi-square test
with Yates’s continuity correction: χ² (1, n = 547) = 3.03, p = 0.08].

Model set 1: Ecological, social, and maternal correlates of parturition timing
The best model explaining the relationship between individual adult females’ parturition
day in the austral spring (September–October) and their food abundance measures during the
austral winter (June) included male group size (MGS), female group size (FGS), and individual
females’ anogenital distance (AGD) (AIC = 710.26). The largest portion of the total variation
explained by this model was accounted by the random effects of social group and year (R2marginal
= 0.185, R2conditional = 0.708), indicating that the influence of females’ access to food during the
austral winter on timing of litter parturition varied between different social groups and years.
Individual females’ parturition day was negatively associated with food abundance (slope = 0.09 [-0.16 – -0.03], p = 0.003, Table 3), indicating that the timing of litter parturition occurs
earlier for females with greater access to food during breeding (Figure 2A). MGS, FGS, and
AGD did not predict parturition day (Table 3).
I expected the strength of the effect of food abundance on parturition day to be variable
across the years of study. Thus, I conducted a post-hoc linear mixed-effects model wherein both
the intercept and slope parameters were allowed to vary between year: Part_day ~ Food + (Food
| Year) (Bates et al., 2015) (Table 4). The different fitted regression lines for each year revealed
that timing of litter parturition occurs earlier for females with greater access to food during
breeding but the strength of the relationship between food abundance and parturition day was
variable among years (Figure 2B).
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Figure 2
A

B

Figure 2
Relationship between parturition day and food abundance during the austral winter (A).
Regression line is for the fixed effect component. Regression shows a linear and negative
relationship, implying that timing of litter parturition occurs earlier for females that experience
more food during breeding. Smaller plots illustrate random slope effects for each study year,
indicating varying strength in the relationship across all years (B)
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Table 3

Results of the model examined to determine whether ecological, social, and maternal
conditions experienced by individual females during the breeding season were
associated with their timing of parturition
Table 3
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Table 4

Results of the post-hoc model examined to assess whether the strength of the effect of
food abundance on parturition day varied with each year
Table 4

23

Model set 2: Ecological and maternal correlates of variation in parturition timing within groups
The best model explaining the relationship between difference in parturition day and
difference in AGD of female groupmates with the earliest and latest parturition day included
difference in food abundance experienced by the same females during breeding and year of study
(AIC = 39.98). The total variation explained by the model was accounted by the fixed effects
(R2marginal = 0.444). The timing of parturition was negatively associated with both difference in
food abundance (slope = -0.20 [-0.33 – -0.07], p = 0.003; Figure 2A) and difference in AGD
(slope = -0.09 [-0.14 – -0.04], p = 0.001; Figure 2B) between female groupmates with the firstborn and last-born litters (Table 5).
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Table 5 Results of the model examined to determine whether differences in conditions
experienced by female groupmates during the breeding season were associated with
intragroup litter synchrony
Table 5
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Figure 3
A

B

Figure 3
Relationship between the difference in parturition day as a function of a difference in food
abundance (A) and difference of AGD (B) between female groupmates. Regression lines are for
the fixed effect components respectively. Regressions are linear and negative, implying that
females differ greater in timing of parturition in social groups with female groupmates that
experience similar food conditions (A) and phenotypical masculinization (B)
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I then conducted post-hoc analyses to determine if similarity in AGD among females
influenced timing of parturition. All females were assigned to one of three categories of AGDmasculinization (Correa et al., 2013): 38 to feminized AGD level (≤ 1.96 mm), 34 to the
intermediate level (1.97 mm to 2.54 mm), and 32 to the masculinized level (2.55 mm to 3.85
mm) based on their individual AGD measures. Median parturition day did not differ significantly
between levels of AGD-masculinization for feminized (M = 250.5), intermediate (M = 247.5), or
masculinized (M = 250.0) females (Kruskal Wallis test; H(2) = 3.07, p = 0.21). Within social
groups, pairs of female groupmates were assigned to one of four AGD-masculinization similarity
categories based on whether they share the same AGD-masculinization level. A total of 8
dissimilar (D), 7 feminized similar (FS), 1 intermediate similar (IS), and 6 masculinized similar
(MS) pairs were included in posterior analyses for Model set 2 to assess phenotype-driven
differences in the predictors of intragroup litter synchrony.
Difference in parturition day did not differ significantly between the categories of female
AGD-masculinization similarity (ANOVA; F(3, 18) = 1.219, p = 0.33). However, results of a
linear regression indicated that difference in AGD significantly predicted difference in
parturition day between females across all social groups (R2 = 0.18, F(1, 20) = 5.71, p = 0.03;
Figure 4). Multiple simple linear regressions were used to test if difference in AGD significantly
predicted difference in parturition day between female groupmates of three varying AGDmasculinization similarity categories (IS excluded due to low sample size). Only the regression
for similarly masculinized females (where both females were assigned to the “masculinized”
AGD-masculinization level) was statistically significant (R2 = 0.70, F(1,4) = 12.93, p = 0.02;
Figure 5).
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Figure 4

Figure 4
Difference in parturition day across all social groups based on difference in AGD of female
groupmates. Plot shows difference in parturition day of degu litters as a function of the
difference in AGD between females with the earliest and latest parturition day of their social
group. Coordinate points are colored based on AGD-masculinization similarity of female
groupmates: dissimilar (red), similar feminized (green), similar intermediate (blue), and similar
masculinized (purple). The regression revealed a linear and negative relationship, indicating a
greater difference in parturition day in social groups where females share similar AGD measures
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Figure 5

Figure 5
Difference in parturition day based on difference in AGD for similar masculinized females only.
The regression revealed a linear and negative relationship, indicating a greater difference in
parturition day in social groups with similarly masculinized females when female groupmates
share similar AGD measures
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Model set 3: Ecological and social correlates of offspring survival
The best model explaining the relationship between offspring survival and social and
ecological conditions during lactation included food abundance, MGS, FGS, litter size, degu
density, and parturition day as a covariates and mother’s identification and year of study as a
random effect (AIC = 400.02). The largest portion of the total variation explained by the model
was accounted by the random effects of mother’s identification and year (R2marginal = 0.018,
R2conditional = 0.38), indicating mother- and year-related effects on recapture of pups during sexual
maturity (indicative of survival in the population). Offspring survival was not significantly
influenced by any fixed effects included in the model (Table 6).
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Table 6

Results of the model examined to determine whether ecological and social factors
pups experience during early development and the day they are born influence their
survival to the next breeding season
Table 6
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Discussion
My study revealed that 1) the timing of parturition of degu litters is predicted by females’
access to food (green herbs) during the breeding season, though, this relationship varies between
years; 2) litter synchrony within social groups with multiple reproductive females is influenced
by the difference in female groupmates’ access to food during breeding and differences in their
phenotypic masculinization, in that more similar females—specifically highly masculinized
females—experience greater differences in the day their litters are born; and 3) presence of degu
pups in the population to the next breeding season (indicative of offspring survival to sexual
maturity) is independent of conditions experienced by pups and mothers during lactation.
Overall, these observations supported P1-1, but did not support P1-2–P6. Thus, I provide
evidence that food is a critical resource which predicts the timing of litter parturition in degus
and that similar early-life conditions experienced by pups may give rise to varying effects on
female reproductive fitness within groups and overall population success through undefined
effects on offspring survival to sexual maturity.

Model set 1: Ecological, social, and maternal correlates of parturition timing
Reproduction generally takes place when local environmental conditions are optimal and
changing environmental conditions can influence shifts in the timing of reproduction (Both et al.,
2004; Visser et al., 2004). Specifically, food is a necessary resource for meeting the energy
demands of reproduction (Bronson 1985; Speakman 2008); an important driver of reproductive
activity in mammals, including degus (Veloso & Bozinovic, 2000a) and other rodents (Dubost &
Henry, 2017). My finding that females’ access to food in the austral winter (June; during
breeding) predicts the timing of litter parturition in the austral spring (September–October)
32

suggests that periods in the degu reproductive cycle may be facilitated by food availability. The
negative association between individual females’ parturition day and their food abundance
observed in this study indicates that the timing of litter parturition occurs earlier for female degus
with greater access to food during breeding. These observations are consistent with other studies
on birds (Davies & Deviche, 2014) and mammals (Ortega et al., 2021) in which food availability
predicts the timing of parturition and support the hypothesis that females give birth at the time of
maximum forage availability and quality (Clutton-Brock et al., 1987; Plard et al., 2014).
The estrous cycle and ovulation are spontaneous in degus and there is evidence that
breeding activity occurs with increased above-ground activity and foraging (Mahoney et al.,
2011). When food quality is high, degus increase their basal metabolic rate quickly, allowing
high rates of biosynthesis (Veloso & Bozinovic, 2000b). This increase is highest for lactating
females with access to high-quality food (Veloso & Bozinovic, 2000a). Furthermore, during
early lactation, females increase their food intake to compliment increases in their resting
metabolic rate, representing an increase in energy processing to meet the demands of that period
(Veloso & Bozinovic, 2000a). In a lab colony of degus, females maintained milk composition
(nutrient and carbohydrate levels) from early to late stages of lactation (Veloso & Kenagy,
2005). The maintenance of milk composition during lactation may be related to the initially high
energetic and nutritional requirements associated with producing precocial offspring (Veloso &
Kenagy, 2005), suggesting that food is an important resource for degus to rear properly
developed pups.
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Model set 2: Ecological and maternal correlates of variation in parturition timing within groups
Female degus association in groups with females of similar AGD-masculinization (Correa
et al., 2021) and masculinized females have been shown to give birth later in the reproductive
season (Correa et al., 2016). My observations that differences in the phenotypic masculinization
of female groupmates and differences in their access to food during breeding predict variation in
the timing of litter parturition were surprising. These results suggest that synchronization in the
birth of degu litters varies within social groups and is influenced by unique conditions of
individual females. My observation that difference in AGD and difference in food abundance
between female groupmates with the first and last -born litters are both negatively associated
with their shared difference in parturition day, indicates that litter synchrony between female
groupmates was lower in social groups with similar ecological conditions and greater phenotype
sorting.
Females of differing phenotypical masculinization can demonstrate differences in
reproductive traits, including litter size and sex ratio of offspring (Szenczi et al., 2013). Other
reproductive traits such as timing of parturition and offspring survival often go unstudied. A
previous study on my population (2009–2013) found that female AGD was positively associated
with the timing of parturition, wherein more masculinized females delivered litters later in the
breeding season (Correa et al., 2016). AGD in female degus influences social behavior,
including the rate of affiliative, submissive, and aggressive behaviors between females (Correa et
al., 2013). Furthermore, there is evidence that submissive interactions are hierarchical in social
groups with females of mixed AGD-masculinization (i.e., dissimilar), where masculinized
females occupying higher social position followed by intermediate masculinized females, but
masculinized and feminized groups (i.e., similar) lack hierarchy formation (Correa et al., 2013).
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This may explain the effect of difference in AGD between groupmates on difference in
parturition day of their litters. Females of similar AGD-masculinization levels and AGD lengths
may not establish hierarchies by means of their social behavior and thus may demonstrate
independence in their timing of parturition. However, when females differ in AGD, the timing of
litter parturition in feminized females (subordinates) may be influenced by that of their dominant
counterparts.
Here, I present evidence that the difference in AGD between female groupmates predicts
their shared difference in parturition day, and that this relationship is strongest in similarly
masculinized groups. Among masculinized females, those with extreme phenotypic
masculinization (> 75% difference in AGD) may influence the timing of litter parturition of lessmasculinized females in their social group through social cues and antagonistic interactions,
leading to high litter synchrony. There is evidence that females wean more pups, with less
variation, in plurally breeding groups with more masculinized females (Correa et al., 2021),
indicating greater reproductive equality in these groups. Masculinized females may promote
greater litter synchrony in the presence of similarly masculinized female groupmates. This may
be due to higher dominance status of masculinized females (Correa et al., 2016), possibly
granting them greater access to resources. My finding of the negative effect of difference in food
abundance on difference in parturition day between female groupmates supports this hypothesis.
Differences in females’ AGD lengths may give rise to differences in their access to food, and the
timing of females’ litter parturition may be determined by highly masculinized females in their
social group, giving rise to positive effects on pups and weaning success.
Social hierarchies can lead to disparities in access to resources, such as food (e.g.,
Tamashiro et al., 2005). Greater differences in access to resources may give rise to greater
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differences in timing of parturition between conspecifics (e.g., Peláez et al., 2020).
Synchronizing litters could facilitate greater sharing of resources such as food and nesting sites
(Ims et al., 1988). However, studies on other ground-dwelling rodents, such as root voles
(Microtus oeconomus) and Townsend’s voles (Microtus townsendii) have yielded contrasting
results. In root voles, parturition was synchronized among females living within the same patch
and litter synchrony increased with decreasing inter-patch distance (across 7 populations;
Johannesen et al., 2000). In Townsend’s voles, synchronization of births was not related to the
distance between females’ nests, suggesting that habitat characteristics of home-ranges do not
cause the synchronization of parturitions. In my study population of degus, social groups are
determined based on nighttime sharing of underground burrows, meaning that female group
mates share the same nest and communally nesting individuals (i.e., social group members) tend
to forage and be active on the same patches during daytime (Ebensperger et al., 2004).
In a study using data collected from 2006–2007, degu social clustering differed based on
measures of food biomass between my study population and a high-altitude degu population
(Bocatoma, Rio Los Molles; 30°45′ S, 70°15′ W, 2,600 m altitude; Davis et al., 2016). A greater
number of degus cluster together during periods of high food availability at the Germán Greve
Silva site and periods of low food availability at the Los Molles site (Davis et al., 2016).
Differences in local food conditions of individuals may drive proximity differences between
female groupmates in degus, influencing differences in females’ parturition days and intragroup
litter synchrony.
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Model set 3: Ecological and social correlates of offspring survival
My observation that offspring survival to sexual maturity (based on recapture during the
subsequent breeding season) was not predicted by early-life conditions of offspring nor the time
at which they were born is surprising for a few reasons. First, lactation is the most energydemanding period during the reproductive cycle of degus (Veloso & Bozinovic, 2000a). Thus,
food conditions during the time at which degu pups are nursing should be a direct indicator of
females’ ability to care for pups, impacting overall pup health and survival. Not surprisingly, my
study revealed that degu females with abundant food produce litters early during the austral
spring. However, offspring survival was not predicted by the availability of food during lactation.
This may be explained by the variable, seasonal shifts in the semiarid environment and quality
and availability of food for degus (Di Castri & Hajek, 1976; Ebensperger & Hurtado, 2005).
Precipitation is greatest in the austral winter and degus experience high food conditions in the
winter and spring, but not in the summer (following pup weaning) and autumn (sexual maturity).
The harsh conditions, and low food availability, of the summer months (November–February)
may have negative impacts on offspring survival to sexual maturity.
In contrast to my expectations, conditions of the social environment, including FGS,
MGS, communal litter size and litter size, and density of individuals did not predict whether
offspring were recaptured during the next breeding season (indicative of survival to sexual
maturity). These observations suggest no effect of helpers on offspring survival and that
recapture of pups in the next breeding season is independent of the size and composition (in
terms of sex of adults) of social groups, number of litter mates, and density of the study
population. With regards to the maternal condition, females’ body mass during lactation was
selected against during AIC model selection and was not included in the final model, suggesting
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that the mass of females during this time is not a predictor of offspring survival. Since degus
communally rear offspring, wherein females non-discriminately nurse pups (Ebensperger et al.,
2006), the survival of degu pups may not be sensitive to the body size of the biological mother.
Likewise, models including communal litter size and burrow density were selected against using
AIC methods. Suggesting that while communal litter mates may influence the size and number
of pups that reach weaning age in younger litters (Ebensperger et al., 2007), and predation risk
decreases with increasing density of burrow openings (Ebensperger et al., 2012), these factors do
not predict the survival of pups to sexual maturity. Pup dispersal increases with the density of
pups per burrow system (Quirici et al., 2011), therein the density of pups may better explain the
low rate of pup survival observed in my study. When density of pups is high relative to available
burrow systems, more pups may disperse away from the natal nest and outside of the population.
A weak association between the mother’s identification and year of study, suggests that
differences between annual conditions may play a role in predicting whether offspring survive to
the next breeding season. Unpredictable or highly variable conditions can be detrimental to
mothers and offspring survival. Species living in areas with changing environmental conditions
may experience reproductive costs due to mistiming of reproduction (Both et al., 2004; Visser et
al., 2004) and costs to caregivers when access to resources are constrained (Bonsall & Klug,
2011), limiting their ability to provide necessary care. Thus, the variable and often high,
dissimilarity of ecological conditions between years (2005–2019) for degus (Ebensperger et al.,
2021), may limit females’ ability to prepare offspring for independent living.
Metcalfe & Monaghan (2001) argue that delayed parturition may elicit a ‘bad start’ for
offspring if they fail to obtain sufficient nutrients during critical, early post-natal stages. Whether
an individual experiences a bad start may be influenced by parental care strategies and
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phenotypic differences between mothers and offspring. Giving birth late in the season may make
mothers and offspring more prone to nutritional deficits; failing to gather adequate food or
energy stores to power demanding processes like offspring post-natal care in mothers and earlylife growth in offspring (Metacalfe & Monaghan, 2001). In contrast, increased risk of predation
may be a cost of being born early and synchrony in the time at which offspring are born may
limit predation risk in early-born offspring through dilution effect (e.g., Jarnemo et al., 2004).
Synchronous births may give rise to a greater number of offspring than predators can kill (Estes
& Estes, 1979); thus, litter synchrony within social groups may have a greater impact on
offspring survival than timing of parturition.

Concluding remarks
Degus live under the conditions of a harsh climate with highly seasonal wet and dry
periods and variable environmental conditions. An added layer of unpredictability caused by
variation in environmental conditions between years may inhibit mothers to adequately prepare
for reproductive demands. This variability may be costly enough to offspring to make them
susceptible to negative influences from other types of early-life conditions and their effects.
Central Chile has been under the conditions of a megadrought since 2010 (Garreaud et al., 2020)
and recent predictions were made that the region will experience an increase in minimum
temperature in the winter and a decrease in precipitation during the summer and winter seasons,
by the end of the twenty-first century (Araya-Osses et al., 2020).
My study suggests that food is a critical resource determining the timing of reproduction
in degus and that differences in phenotypical masculinization and food access between female
groupmates predicts differences in the time at which litters are born within groups. Future studies
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should test for a correlation between females’ food access during winter (breeding) and spring.
Confirming an association between food abundance during these two periods may provide
insight into whether degu mothers can time parturition to provide pups with best food conditions
based on food they experience early in the reproductive cycle. Furthermore, assessing whether
females’ ability to select optimal timing for reproduction exhibits flexibility or consistency under
varying conditions (between years) may provide insight to whether degu mothers prime their
offspring for specific early-life conditions based on what they experience at an earlier time (e.g.,
Ebensperger et al., 2021).
Analyses to examine predictors of litter synchrony both between and within groups
across multiple degu populations may be helpful to assess whether synchrony in litter parturition
plays an influential role in offspring survival to sexual maturity. Because population size and
growth depend on the recruitment and survival of individuals, the overall success of degu
populations depends on factors that affect the survival of pups. Examining these effects across
multiple populations may provide insight into how different environments influence degus
through effects on the timing of litter parturition and offspring survival.
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Table A
Year

2009

2010

2011

2012

2013
2014

Genotyped females and offspring from 2009 through 2018 included in this study
Mother_ID
1027
1033
1144 (1092)
0130 (DEDO)
986
1037 (855)
984
0221 (DEDO)
1071 (957)
994
1259 (968)
989
1062
0252 (DEDO)
1108
1101
3024 (DEDO)
1021
4144 (DEDO)
974
3025 (DEDO)
1135
1209
1218
1467
2133
2132
1506
2136
1218
1491
1488
1520
2121
1703
1710
1603
1717
1714
1654
1561
1903
1748
1847
3045

Offspring_IDs
1246, 1248, 1255
1253, 1254, 1270, 1272, 1274, 1286, 1287
1260, 1268, 1282, 1283, 1304
1277, 1288, 1303
1146, 1163
1204, 1241, 1243, 1291, 1170, 1257, 1275
1156, 1211, 1225, 1258, 1180, 1223, 1224, 1297
1150, 1200, 1201, 1226
1128, 1233, 1279, 1300, 1247
1266, 1219, 1244, 1264, 1280, 1239
1195, 1237, 1245, 1252, 1265, 1189
1210, 1218, 1222, 1186, 1231, 1206, 1198
1179, 1212, 1227, 1203, 1183, 1202, 1197
1199, 1293
1129, 1190, 1216, 1250, 1267
1196
1153, 1161, 1176, 1205, 1242
1137, 1141, 1217, 1238, 1251
1127, 1145, 1166, 1167, 1168,
1134, 1135, 1143, 1164, 1165, 1175
1131, 1136, 1138, 1154, 1193, 1215
1390, 1391, 1408, 1409
1399, 1401, 1404, 1414
1413, 1416, 1422, 1423, 1424
1568, 1575, 1609, 1627
1618, 1628, 1630, 1631
1582, 1586, 1636
1585, 1632, 1640
1592, 1593, 1626, 1633, 1635
1572, 1574, 1576, 1579, 1580, 1581, 1588
1547, 1578, 1600, 1614, 1620, 2185
1607, 1608, 1611, 1622
1599
1615
1751, 1831
1792, 1804
1797, 1803, 1796
1733, 1739, 1747, 1748, 1756, 1775, 1732,
1740, 1744
1746, 1743, 1745, 1771, 1786
1738, 1765, 1766
1963, 3007, 3033, 3118, 3125, 3170, 3183
3062, 3082, 3091, 3096, 3172
3277, 3280, 3297, 3410, 3424
3396, 3413, 3414, 3461
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2015

2016

2017

1925
1987
1972
3148
3159
3243
3184
3426
3516
1779
3558
3396
3044
3410
3348
3452
3159
3436
3308
1972
3109
3557
3486
3052
3438
3636
3637
4157
4158
3754
4142
3729
3555/ex3305
3650
3744
3630
4049
4160
4202
3726
4194/3706
4180
4177
3220
3264
1972
6001
4781

3306, 3307, 3323, 3337, 3338, 3386, 3395, 3439, 3445
3296, 3304, 3321, 3331, 3361, 3394
3434
3419, 3436, 3452
3409
3454, 3455
3447, 3462
3751, 3752, 3757, 3773, 4024, 4149
4077, 3636, 3637, 3644, 3661
3617, 3619, 3662, 3729, 3655, 3693, 3678
3738, 3743, 4007, 3683
3615, 3621, 3623, 3759, 4020, 3622
4001, 4021, 4032, 4044
3635, 3664, 3663, 3648
4003, 4023, 4059, 4061
3746, 3747, 3768, 4034, 4048, 3694, 3761, 4143, 4116, 4132, 4148
3588, 3712, 4017, 3606, 3657, 4141
3753, 4047, 3631, 3774, 4112, 4113, 4130
3569, 3570, 3590
3629, 3710, 3711, 3769, 4095, 4096, 4097, 4119
4000, 4025, 4022
3722, 3732, 3668, 3685, 3686, 4012
3599, 3602, 3607, 3638, 4121
3591, 3604
3726
4404, 4453, 4310, 4464
4483, 4251, 4462
4250, 4272, 4322, 4345, 4356
4485, 4543, 4626, 4459
4474, 4409, 4420, 4381, 4577, 4290
4495, 4633, 4286, 4311, 4494, 4613, 4628, 4629
4372, 4556, 4255, 4433
4478, 4489, 4338, 4575, 4643
4457, 4564, 4642
4573, 4362, 4384, 4388, 4391, 4602
4699, 4410, 4398, 4475, 4439
4284, 4319, 4550, 4656, 4657, 4709, 4655
4487, 4488, 4566, 4663, 4496, 4578
4532, 4524, 4597, 4619, 4662
4690, 4264, 4512, 4539, 4648, 4712
4589, 4579, 4647, 4711, 4595, 4702
4507, 4513, 4538, 4641, 4686, 4428
4625, 4416, 4423, 4443, 4506, 4520, 4571, 4572
4610, 4246, 4301, 4339, 4396, 4479, 4480, 4553
4232, 4233, 4397, 4705
4256, NN1, 4482, 4617, 4351
6101, 6142, 6183, 6184, 6193, 6201
6163
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2018

4790
4756
4557
4775
6366
6326
6162
6120
4798
6189
4781
6018
4419
6123
6002
6148
6020
6048
4775
6094
4563
6214
6402
6232

6162, 6215
6032, 6033, 6039, 6047, 6060, 6233
6106
6013, 6239
6554, 6597, 6472, 6483, 6511, 6558
6454, 6502, 6579, 6607, 6610, 6615, 6609, 6600
6562, 6574, 6616, 6530
6440, 6441, 6501, 6538, 6462, 6564
6524, 6548, 6560, 6619, 6532, 6533
6461, 6539, 6565, 6439
6507, 6557, 6508, 6566
6484, 6499
6455, 6487, 6453, 6443, 6510, 6460, 6506
6563, 6606, 6520, 6612
6489, 6518, 6529, 6559, 6605, 6490, 6625, 6496
6519, 6551
6451, 6500, 6446, 6545
6485, 6531, 6580, 6480, 6593
6467, 6481, 6495, 6452, 6459, 6477, 6552
6521, 6575, 6492, 6534, 6572, 6556
6458, 6587, 6497
6536, 6569, 6528
6503, 6586, 6595, 6482
6523, 6577, 6578, 6581, 6585
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Table B

Results of pairwise comparisons of Part_day between Year of study using Wilcoxon
rank sum test with continuity correction (via Benjamini-Hochberg p-value adjustment
method). Significant p-values are bolded

2010
2011
2012
2013
2014

2009
0.2153
0.9476
0.7090
0.2863
0.2619

2010
0.2619
0.8800
0.6707
0.8214

2011
1.0000
0.6707
0.2896

2012
0.8148
0.8634

2013
0.4914

2014
-

2015
-

2016
-

2017
-

2018
-

2015
2016
2017
2018
2019

0.2153
7.4e-05
0.1356
0.0014
0.9874

0.4914
0.4424
0.3929
0.4914
0.2292

0.2284
0.0479
0.3929
0.0607
0.8384

0.9874
0.4299
0.4914
0.4484
0.7090

0.2863
0.7090
1.0000
0.4914
0.4435

0.8214
0.1222
0.2435
0.2488
0.3232

0.0014
0.1356
0.0321
0.2619

0.4914
0.6255
0.0014

0.3267
0.2183

0.0206
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